1. Introduction {#s0005}
===============

Chicken egg yolk antibody, commonly referred to as immunoglobulin Y (IgY), has attracted considerable interest as an alternative to antibiotics for the control of infectious diseases in animals and humans [@bb0005], [@bb0010], [@bb0015]. IgY possesses several advantages over mammalian IgG such as cost-effectiveness, convenience and high yield [@bb0020].

Numerous studies have demonstrated that specific IgY antibodies are highly effective against a variety of important intestinal pathogens such as *Escherichia coli*, *Salmonella*, rotaviruses, coronavirus, transmissible gastroenteritis virus and epidemic diarrhea virus [@bb0005], [@bb0010], [@bb0015], [@bb0020], [@bb0025]. The exact mechanism through which IgY counteracts pathogen activity has not been determined. However, several mechanisms have been proposed to show how specific IgY may counteract pathogen activity, including inhibition of adhesion [@bb0030], agglutination [@bb0030], [@bb0035], opsonization followed by phagocytosis [@bb0040] and toxin neutralization [@bb0045].

The gut is the main site of IgY activity against intestinal pathogens [@bb0050]. The mucosal immune system of the gastrointestinal tract, generally referred to as gut-associated lymphoid tissue (GALT) plays an important role as the first line of defense in protecting against ingested pathogens. GALT accounts for up to 80% of the mucosal immune system and is distributed throughout the intestine either as organized GALT (i.e., Peyer\'s patches, isolated follicles and mesenteric lymph nodes), or as diffuse GALT consisting of lymphocytes scattered throughout the epithelium and the lamina propria [@bb0055].

Diet modulates the immunological functions of GALT in multiple ways and affects host resistance to infections. For example, it has been demonstrated that spray dried animal plasma and the immunoglobulins present in it can modulate the mucosal and systemic immune response of weaned rats challenged with *Staphylococcal aureus* enterotoxin B [@bb0060]. However, few studies have examined the immuno-modulatory effects of IgY on the host\'s immune response in conditions associated with gut-barrier dysfunction and inflammatory response.

In the present study, we examined the effects of IgY on the intestinal mucosal immune system using a mouse model of intestinal infection induced by *Salmonella typhimurium*. The objectives were to examine the effects of IgY on gut histology, to determine the effects of IgY on the cytokines that are involved in inflammatory responses and finally to determine the effects of IgY on the lymphocyte populations of GALT.

2. Materials and methods {#s0010}
========================

2.1. Bacteria and culture conditions {#s0015}
------------------------------------

A standard strain of *S. typhimurium* (CVCC 50115) was obtained from the National Institute for Food and Drug Control (Beijing, China). *S. typhimurium* was grown in Tryptone Soya Broth (Oxoid, Hampshire, UK) at 37 °C for 7 h. The cells were harvested by centrifugation at 5000 ×* g* for 10 min at 4 °C, washed twice with 1 mM PBS solution (pH 7.2), and then re-suspended in PBS. The suspension was adjusted to a cell density of 10^9^  CFU mL^− 1^ and used for immunization of the hens and challenge infection of the mice.

2.2. Production of IgY against *S. typhimurium* {#s0020}
-----------------------------------------------

Specific IgY against *S. typhimurium* was prepared in a manner similar to our previously reported method [@bb0050]. Briefly, IgY was produced using 10 White Leghorn laying hens immunized with formaldehyde-killed *S. typhimurium* at a concentration of 10^9^  CFU mL^− 1^ aided by Freund\'s adjuvant (Sigma-Aldrich, St Louis, MO). IgY antibodies were subsequently isolated from the egg yolks by several purification steps including salt precipitation (precipitation with 50% saturated ammonium sulfate followed by precipitation with 14% (w/v) sodium sulfate) and ultrafiltration using a Vivaflow 50 Tangential Flow Ultrafilter (Vivascience, Hannover, Germany) with a 100 kDa cut-off membrane. IgY powder was obtained by freeze-drying the ultra-filtration fractions. The titer of IgY was determined by Enzyme-Linked Immunosorbent Assay as described by Zhen et al. [@bb0065]. The powdered IgY with a titer ≥ 5000 was combined and used for the IgY protection test. Non-specific IgY was obtained from 5 additional non-immunized laying hens using similar methods.

2.3. Experimental animals {#s0025}
-------------------------

Sixty, 28-day-old, weaned Kunming mice (equal male to female ratio, weighing 18 to 20 g) were purchased from the Dalian Medical University Laboratory Animal Centre (Dalian, China) using the Permission number of SCXK 2008-0002. All animals were allowed to acclimate to our laboratory facilities for 7 days before their inclusion in the experiment. They were housed under standard laboratory conditions (22 ± 3 °C; relative humidity 50--55%; 12 h light/dark cycle) and given food and water ad libitum. This experiment was performed according to the Experimental Animal Management Law of China and approved by the Animal Ethics Committee of Dalian Medical University (Dalian, China).

2.4. Challenge infection and IgY protection tests {#s0030}
-------------------------------------------------

The mice were randomly divided into 4 groups, with 15 animals per group. Following an acclimation period of 1 week, each group was supplied with 200 mL of a sterile solution containing 5 g/L streptomycin or 200 mL of sterile water (control group) for 2 days followed by 1 day without streptomycin. They were then fasted for 12 h. Control mice were unchallenged whereas the mice in the remaining three groups were orally challenged with 0.4 mL of *S. typhimurium* at a concentration of 10^9^  CFU mL^− 1^ at 0 and 24 h of the experiment. After the 2nd *S. typhimurium* challenge, the mice in the control group continued to receive no treatment, whereas the mice in the remaining 3 groups were orally administered with 0.4 mL of a solution containing 20 mg mL^− 1^ specific IgY, 20 mg mL^− 1^ of nonspecific IgY or PBS once a day for 7 consecutive days. The clinical response of mice was monitored throughout the experiment in terms of lethargy, in appetence, weight gain and survival rate.

2.5. Histopathology {#s0035}
-------------------

Random segments of the jejunum were excised and fixed with formalin, embedded in paraffin, sectioned into 6-μm slices and stained with hematoxylin and eosin (HE) according to standard procedures. Stained sections were examined microscopically by 2 pathologists unaware of the experimental treatments to which the mice had been subjected using a scoring system described by [@bb0070] ([Table 2](#t0010){ref-type="table"}).

2.6. RNA extraction and analysis for cytokine gene expression {#s0040}
-------------------------------------------------------------

Excised Peyer\'s patches from the small intestine and 0.5 cm samples of jejunum were washed with 0.1% diethypyrocarbonate-treated water, frozen in liquid nitrogen and then homogenized. The homogenate was subjected to total RNA extraction using a Simple Total RNA Kit (Tiangen Biotech Company, Beijing, China) ccording to the manufacturer\'s instructions. The purity and integrity of the RNA were confirmed by Agarose Gel Electrophoresis and the A~260~/A~280~ ratio. UV absorbance was measured with a UV Spectrophotometer (Beijing Purkinje General Instrument Company, Beijing, China). The RNA concentration was determined by measuring absorbance at 260 nm. Subsequently, 500 ng of the RNA was reverse transcribed into cDNA using PrimeScript® RT Reagent Kit (Perfect Real Time, TaKaRa, Dalian, China) according to the manufacturer\'s instruction.

The mRNA expression of interferon-γ (IFN-γ), tumor necrosis factor-α (TNF-α) and IL-10 were measured in the intestinal mucosa by Real-Time Quantitative PCR. The reaction mixture (25 μL) contained 2 μL of diluted cDNA as the template, 0.5 μL of each primer (10 μM), 12.5 μL of 2 × SYBR® Premic Ex Taq™ (TaKaRa, Dalian, China) and 9.5 μL of sterile distilled water. The primers specific for each cytokine used in this work were designed using Gene Tool 1.0 Software (Bio Tools Incorporated, Edmonton, Canada) and their sequences are shown in [Table 1](#t0005){ref-type="table"} . To ensure the sensitivity and accuracy of the results obtained by Real-Time Quantitative PCR, internal normalization of the gene expression analysis was carried out using β-actin as the internal control gene (reference gene). Real-time Quantitative PCR was performed in a 96-well plate format using a Thermal Cycler Dice® Real Time System (TaKaRa, Dalian, China) with the following parameters: initial denaturation at 95 °C for 10 s to activate the DNA polymerase, followed by 40 cycles of 95 °C for 5 s and 60 °C for 30 s. Each sample was analyzed in triplicate. The data were analyzed with the Thermal Cycler Dice Real Time System Analysis Software (TaKaRa, Dalian, China). Table 1List of genes and primer sequences used for RTQ-PCR analysis of cytokines.Table 1Gene nameForward primer (5′--3′)Reverse primer (3′--5′)Accession numberβ-ActintgagagggaaatcgtgcgtgacaagaaggaaggctggaaaagagNM_007393.3IFN-γtttgcccagactcgagctcctggggtgcaggttcgggattcaacNR_038116.1TNF-αtcacccacaccgtcagccgatttgtctgggccatagaactgatgNM_013693.2IL-6aaagagttgtgcaatggcaattcagtttggtagcatccatcatNM_031168.1IL-10aacatactgctaaccgactcctctgccttgctcttattttcacaNM_010548.2Table 2Histological scoring criteria.Table 2Pathological stateScoreDefinitionSubmucosal edema[a](#tf0005){ref-type="table-fn"}0No pathological changes1Mild edema (the submucosa is \< 0.20 mm wide and accounts for 50% of the diameter of the entire intestinal wall \[tunica muscularis to epithelium\])2Moderate edema (the submucosa is 0.21 to 0.45 mm wide and accounts for 50 to 80% of the diameter of the entire intestinal wall)3Profound edema (the submucosa is \> 0.46 mm wide and accounts for 80% of the diameter of the entire intestinal wall)Leucocyte infiltration0Absent12--10/high-power field211--20/high-power field321--30/high-power field4\> 31/high-power fieldEpithelial damage0No pathological changes detectable in 10 high-power field (× 400 magnification)1Epithelial desquamation2Erosion of the epithelial surface (gaps of 1 to 10 epithelial cells/lesion)3Epithelial ulceration[^1]

2.7. Immunohistochemistry of lymphocyte populations {#s0045}
---------------------------------------------------

Jejunal fragments (1 cm) were fixed in 10% formalin, dehydrated in a graded series of ethanol, and embedded in paraffin wax before sectioning. Sections were dewaxed and rehydrated. After washing in PBS, sections were immersed in a 3% H~2~O~2~ solution at room temperature for 10 min. The sections were then pre-incubated with non-immune serum for 15 min and subsequently replaced with the corresponding primary mouse monoclonal antibody in a humidified chamber and incubated overnight at 4 °C. The primary antibodies used were anti-CD3 (17A2), anti-CD4 (GK1.5), anti-CD8a (53-6.7), and anti-T cell receptor γδ (GL3) (all from BioLegend, San Diego, CA). The slices were washed with PBS and incubated with horseradish peroxidase conjugated goat anti-mouse IgG antibody (BioLegend) at 37 °C for 30 min. The localization of the antigen was indicated by a brown color obtained by staining with 3,3′-diaminobenzidine in a humidified chamber for 30 min at room temperature. Afterwards, the samples were washed with PBS and counterstained with hematoxylin for 5 min at room temperature. They were then washed again with PBS and sealed with mounting medium. Negative controls were performed without the primary antibodies. The samples were stored until observation by microscopy.

2.8. Isolation of lymphocytes {#s0050}
-----------------------------

Lymphocytes from the intra-epithelium, lamina propria, and Peyer\'s patches of the small intestine were obtained as previously described [@bb0075]. Briefly, for isolation of lymphocytes in the intestinal intra-epithelial, the small intestine was removed and cleaned with PBS. Mesentery nodes and Peyer\'s patches were carefully excised. The intestine was then opened longitudinally and cut into 0.5 cm pieces. These tissues were incubated in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) (GE Healthcare Life Sciences, Marlborough, MA), 1 mM of dithiothreitol (Sigma-Aldrich, St Louis, MO) and 1 mM of ethylenediaminetetraacetic acid for 30 min at 37 °C. Cell suspensions were filtered through a 70-μm nylon mesh and then centrifuged (600 ×* g*, 10 min). The pellet was purified using a continuous 40 to 70% Percoll gradient (GE Healthcare Life Sciences, Marlborough, MA). Briefly, the pellet was re-suspended in 40% (v/v) Percoll and placed over 70% (v/v) Percoll. After centrifugation (600 ×* g* for 30 min), the interface between the 40 and 70% layers was removed, and the cells were washed in RPMI-1640 and harvested by centrifugation (600 ×* g* for 10 min).

For isolation of lymphocytes in the lamina propria, the remaining tissues were digested by collagenase II (Sigma-Aldrich, St Louis, MO) for 40 min at 37 °C. The cell suspensions were filtered through a 70-μm nylon mesh and then centrifuged (600 ×* g* for 30 min). The pellet was purified by a continuous 40 to 70% Percoll gradient as described above.

For isolation of lymphocytes in the Peyer\'s patches, sections of Peyer\'s patches (\~ 2 cm) were ground with a syringe plunger on a 70-μm nylon mesh in RPMI-1640 medium supplemented with 10% (v/v) FBS. Lymphocytes were then obtained by centrifugation (600 ×* g* for 10 min) and re-suspended in RPMI-1640 medium supplemented with 10% FBS, 100 U/mL penicillin and 100 mg/mL streptomycin. In all cases, lymphocyte samples were stored at 4 °C until processing for immuno-staining and flow cytometry.

2.9. Analysis of lymphoid tissue cell subsets {#s0055}
---------------------------------------------

Lymphocyte subsets were determined after double staining with a panel of anti-mouse monoclonal antibodies and analyzed by flow cytometry. The phenotype of the lymphocyte subsets were identified by staining with anti-CD3 (17A2, phycoerythrin (PE)-conjugated, BioLegend), anti-CD4 (GK1.5, fluorescein isothiocyanate (FITC)-conjugated, BioLegend), anti-CD8a (53-6.7, FITC-conjugated, BioLegend), anti-CD25 (PC61, PE-conjugated, BioLegend), and anti-TCRγδ (GL3, PE-conjugated, BioLegend).

Cells (1 × 10^6^) were incubated for 30 min with a mixture of FITC- and PE-conjugated mouse monoclonal antibodies diluted in PBS containing 10% (v/v) FBS at 4 °C in the dark, then centrifuged at 600 ×* g* for 3 min. The cells were washed 3 times with PBS and fixed in PBS containing 0.5% paraformaldehyde and then stored at 4 °C in the dark until analysis by a Flow Cytometer (FACSCanto, BD Biosciences, San Jose, CA).

2.10. Statistical analysis {#s0060}
--------------------------

Statistical analysis of differences in survival rates between the treated and control groups was assessed by the Chi-square test using SPSS 11.5 for Windows (IBM, Armonk, NY). To study the effect of IgY on the intestinal inflammation model, the levels of significance for collected data were evaluated using one-way analysis of variance with the Student--Neuman--Keuls Post-Hoc Test. Differences were considered significant at *P*  \< 0.05.

3. Results {#s0065}
==========

3.1. Oral administration of specific IgY confers protection against *S. typhimurium* infection {#s0070}
----------------------------------------------------------------------------------------------

Mice that received the *S. typhimurium* challenge showed typical clinical signs of infection, including lethargy, inappetence, and piloerection within 5 h of challenge, whereas control mice did not exhibit any symptoms of *S. typhimurium* infection. The survival rates for control mice, challenged-untreated mice as well as challenged mice treated with nonspecific and specific IgY were 100, 40, 60, and 80% respectively 7 days post-challenge ([Fig. 1](#f0005){ref-type="fig"}A). The mice treated with specific IgY showed significant difference in survival rates compared with the positive control group (*P*  \< 0.05). With a 40% survival rate for the challenged-untreated mice, only 6 mice remained in this treatment at the end of the experiment. Therefore, to keep the sample sizes equal, 6 mice were randomly selected from each group for all subsequent analysis.Fig. 1A. Survival rate of mice orally challenged with 0.4 mL of viable *S. typhimurium* organisms (10^9^ CFU mL^− 1^ per mouse) at 0 and 24 h. Unchallenged mice received no treatment, whereas the challenged mice were treated once a day (after the 2nd bacterial challenge) for 7 consecutive days with 0.4 mL of 20 mg mL^− 1^ specific IgY, 0.4 mL of 20 mg mL^− 1^ nonspecific IgY or 0.4 mL of PBS (*n* = 15 per group). Data were analyzed by the Chi-square test. \**P* \< 0.05 compared with no treatment.B. Weight gain of unchallenged mice receiving no treatment, untreated mice challenged with *S. typhimurium* and challenged mice treated with 0.4 mL of 20 mg mL^− 1^ nonspecific IgY, 0.4 mL of 20 mg mL^− 1^ nonspecific IgY or 0.4 mL of PBS 7 days post-challenge (*n* = 6 per group). Data are expressed as means ± SD and analyzed by ANOVA followed by SNK. Means without the same letter are significantly different (*P* \< 0.05).Fig. 1

Mice in the specific IgY-treated group and the control group had similar body weight gains that were significantly higher (*P*  \< 0.05) than those challenged and untreated, or treated with nonspecific IgY ([Fig. 1](#f0005){ref-type="fig"}B). These findings indicate that oral administration of specific IgY was able to provide an effective passive protection against *S. typhimurium* challenge in mice.

3.2. Effect of IgY on histopathological features in the jejunum of *S. typhimurium*-challenged mice {#s0075}
---------------------------------------------------------------------------------------------------

The histopathological features in the jejunum of the mice were examined and are shown in [Fig. 2](#f0010){ref-type="fig"} . In the infected mice, mucosal damage and intestinal inflammation were observed. After challenge, the jejunum of challenged-untreated mice had severe submucosal edema with increased mononuclear inflammatory cells infiltrating the lamina propria and epithelial damage ([Fig. 2](#f0010){ref-type="fig"}C and D). Treatment with nonspecific IgY or specific IgY alleviated the damage inflicted by *S. typhimurium* challenge, and specific IgY treatment effectively reduced jejunum ulceration, transmural inflammation, and edema to a greater extent than treatment ([Fig. 2](#f0010){ref-type="fig"}E to H). The statistical analysis on the intestinal pathological injury by the scoring standard also showed the protective function of IgY ([Fig. 3](#f0015){ref-type="fig"} ). The jejunum from specific IgY or nonspecific IgY group had a lower inflammatory score compared with challenged-untreated group, indicating attenuation of the inflammatory response.Fig. 2Representative histopathology of the jejunum from unchallenged mice receiving no treatment, untreated mice challenged with *S. typhimurium* and challenged mice treated with 0.4 mL of 20 mg mL^− 1^ nonspecific IgY, 0.4 mL of 20 mg mL^− 1^ nonspecific IgY or 0.4 mL of PBS 7 days post-challenge. (A, C, E, G) Magnification: 200 ×. Jejunum mucosa sections show a focal area of rupture and ulceration after challenge that was cured after administration of IgY (arrows). (B, D, F, H) Magnification: 400 ×. The mucosa, submucosa and remaining jejunum wall show evidence of inflammation after challenge which was minimized by administration of IgY (arrows).Fig. 2Fig. 3Pathological score analysis for HE staining. Edema in the submucosa (A), leucocyte infiltrates (B) and epithelial damage (C) was scored separately. The combined score equals the sum of the separate scores (D). Statistical analyses are shown for the separate scores and for the combined score. Data are expressed as means ± SD and analyzed by ANOVA followed by SNK (*n* = 6 per group). Means without the same letter are significantly different (*P* \< 0.05).Fig. 3

3.3. Effects of IgY on cytokine production in *S. typhimurium*-challenged mice {#s0080}
------------------------------------------------------------------------------

The expression level of the pro-inflammatory cytokines TNF-α and IFN-γ as well as the anti-inflammatory cytokine IL-10 were measured in the intestinal mucosa. *S. typhimurium* challenge increased the expression levels of TNF-α and IFN-γ (*P*  \< 0.05; [Fig. 4](#f0020){ref-type="fig"}A and B). Nonspecific IgY did not alter the effect of *S. typhimurium* on IFN-γ but reduced the expression of TNF-α (*P*  \< 0.05). Specific IgY prevented *S. typhimurium*-induced increases in TNF-α and IFN-γ (*P*  \< 0.05). In addition, the results indicate that the infection decreased the expression of the anti-inflammatory cytokine IL-10 ([Fig. 4](#f0020){ref-type="fig"}C). Nonspecific IgY did not affect the mucosal expression of IL-10 in challenged mice. However, specific IgY significantly increased the expression of IL-10 (*P*  \< 0.05).Fig. 4mRNA levels of TNF-α (A), IFN-γ (B) and IL-10 (C) in the jejunal mucosal from unchallenged mice receiving no treatment, untreated mice challenged with *S. typhimurium* and challenged mice treated with 0.4 mL of 20 mg mL^− 1^ nonspecific IgY, 0.4 mL of 20 mg mL^− 1^ nonspecific IgY or 0.4 mL of PBS 7 days post-challenge (*n* = 6 per group). Data are expressed as means ± SD and analyzed by ANOVA followed by SNK. Means without the same letter are significantly different (*P* \< 0.05).Fig. 4

3.4. Effect of IgY on lymphocyte populations in the GALT of *S. typhimurium*-challenged mice {#s0085}
--------------------------------------------------------------------------------------------

Lymphocyte populations in the jejunum were examined ([Fig. 5](#f0025){ref-type="fig"} ). The brown area shows the different lymphocyte populations. Quantification of lymphocyte populations is shown in [Fig. 6](#f0030){ref-type="fig"} .Fig. 5Representative images of the immunohistochemical localization of lymphocyte populations in the jejunum of unchallenged mice receiving no treatment, untreated mice challenged with *S. typhimurium* and challenged mice treated with 0.4 mL of 20 mg mL^− 1^ nonspecific IgY, 0.4 mL of 20 mg mL^− 1^ nonspecific IgY or 0.4 mL of PBS 7 days post-challenge (*n* = 6 per group). Jejunum sections immuno-stained with anti-CD3, anti-CD4, anti-CD8, anti-TCRγδ and counterstained with hematoxylin (nuclear marker) are shown at 40 × magnification. Staining for lymphocyte markers is shown in brown and nuclei in blue.Fig. 5Fig. 6Quantification of lymphocyte populations in the jejunum of unchallenged mice receiving no treatment, untreated mice challenged with *S. typhimurium* and challenged mice treated with 0.4 mL of 20 mg mL^− 1^ nonspecific IgY, 0.4 mL of 20 mg mL^− 1^ nonspecific IgY or 0.4 mL of PBS 7 days post-challenge (*n* = 6 per group). Values are means ± SD and analyzed by ANOVA followed by SNK. Means without the same letter are significantly different (*P* \< 0.05).Fig. 6

### 3.4.1. T lymphocytes {#s0090}

*S. typhimurium* challenge significantly (*P*  \< 0.05) increased the number of T lymphocytes in the lamina propria compartment ([Fig. 6](#f0030){ref-type="fig"}). Both nonspecific IgY and specific IgY reduced the effects of *S. typhimurium* in this compartment (*P*  \< 0.05; [Fig. 5](#f0025){ref-type="fig"}).

### 3.4.2. T helper lymphocytes {#s0095}

T lymphocytes are composed of 2 main subpopulations namely CD4^+^ lymphocytes (also called T helper lymphocytes) and CD8^+^ lymphocytes (T suppressor/cytotoxic lymphocytes). The number of T helper lymphocytes in *S. typhimurium*-challenged mice was higher than in control mice (*P*  \< 0.05; [Fig. 6](#f0030){ref-type="fig"}). Both nonspecific IgY and specific IgY attenuated the increase in the number of T helper lymphocytes induced by *S. typhimurium* challenge (*P*  \< 0.05). In addition, more T suppressor/cytotoxic lymphocytes were observed in the untreated *S. typhimurium*-challenged group than the control group. The number of T suppressor/cytotoxic lymphocytes was decreased by both nonspecific IgY and specific IgY (*P*  \< 0.05).

### 3.4.3. Tγδ lymphocytes {#s0100}

The number of Tγδ lymphocytes in the untreated *S. typhimurium*-challenged group was increased by 25% compared with the control group (*P*  \< 0.05). Administration of nonspecific IgY or specific IgY attenuated the increase in the number of Tγδ lymphocytes which occurred as a result of the *S. typhimurium* challenge (*P*  \< 0.05).

3.5. Effects of IgY on lymphocyte subsets in *S. typhimurium*-challenged mice {#s0105}
-----------------------------------------------------------------------------

*S. typhimurium* challenge modified the percentage of T cells in the intestinal intra-epithelial lymphocyte population. In particular, the percentage of CD8^+^ TCRγδ intestinal intra-epithelial lymphocytes increased from 36.3% in the control mice to 52.4% in the untreated mice challenged with *S. typhimurium* (*P*  \< 0.05; [Fig. 7](#f0035){ref-type="fig"}, [Fig. 8](#f0040){ref-type="fig"}A ). *S. typhimurium* administration also increased the percentage of CD8^+^ T cells compared with control mice in the intestinal intra-epithelial lymphocytes (*P*  \< 0.05). The percentage of CD8^+^ and CD8^+^ TCRγδ T cells were significantly decreased in the mice treated with specific IgY (*P*  \< 0.05). Nonspecific IgY had no effect on lymphocyte percentages.Fig. 7Representative plots of lymphocyte subsets in the small intestine of unchallenged mice receiving no treatment, untreated mice challenged with *S. typhimurium* and challenged mice treated with 0.4 mL of 20 mg mL^− 1^ nonspecific IgY, 0.4 mL of 20 mg mL^− 1^ nonspecific IgY or 0.4 mL of PBS 7 days post-challenge (*n* = 6 per group). Lymphocytes from the intestinal intra-epithelium, lamina propria and Peyer\'s patches were isolated from the small intestine as described, pooled, and stained with different antibodies to identify various immune cells (CD3, CD4, CD8, CD25, and TCRγδ). Values are presented as the percentage of total lymphocytes. Figures shown are representative of three individual experiments.Fig. 7Fig. 8Effects of IgY on lymphocyte populations in the intestinal intra-epithelium (A), lamina propria (B) and Peyer\'s patches (C) of unchallenged mice receiving no treatment, untreated mice challenged with *S. typhimurium* and challenged mice treated with 0.4 mL of 20 mg mL^− 1^ nonspecific IgY, 0.4 mL of 20 mg mL^− 1^ nonspecific IgY or 0.4 mL of PBS 7 days post-challenge (*n* = 6 per group). Values are means ± SD and analyzed by ANOVA followed by SNK. Means without the same letter are significantly different (*P* \< 0.05).Fig. 8

In the lamina propria compartment, the percentages of CD4^+^ and CD8^+^ T cells were significantly increased by *S. typhimurium* challenge (*P*  \< 0.05; [Fig. 7](#f0035){ref-type="fig"}, [Fig. 8](#f0040){ref-type="fig"}B), but the percentage of activated T lymphocytes (mainly CD4^+^ CD25^+^) was not modified. Specific IgY attenuated the effects of *S. typhimurium* challenge on the percentage of CD4^+^ T cells in this compartment (*P*  \< 0.05). Neither specific IgY nor nonspecific IgY modified the *S. typhimurium* effect on numbers of CD8^+^ and CD4^+^ CD25^+^ cells.

In the Peyer\'s patches, *S. typhimurium* administration increased the percentage of total T lymphocytes (CD3^+^) and CD8^+^ T cells compared with control mice (*P*  \< 0.05; [Fig. 7](#f0035){ref-type="fig"}, [Fig. 8](#f0040){ref-type="fig"}C). In addition, *S. typhimurium* caused an increase in the number of Peyer\'s patches-activated lymphocytes (mainly CD4^+^ CD25^+^) compared with control mice (*P*  \< 0.05). Specific IgY diminished the effects of *S. typhimurium* on the numbers of total T lymphocytes and CD8^+^ T cells (*P*  \< 0.05). CD4^+^ CD25^+^ cells tended to decrease after specific IgY treatment. No effects of nonspecific IgY were observed on the various lymphocyte populations.

4. Discussion {#s0110}
=============

Since 2003, when it was originally described, a streptomycin-pretreated mouse model has been increasingly used as the intestinal model of infection to investigate host-pathogen interactions underlying *S. typhimurium* induced gastro-enteritis (i.e. Typhlitis and Colitis). In this study, we established a streptomycin-pretreated mouse model of intestinal inflammation induced by *S. typhimurium* similar to that established by Barthel et al. [@bb0070].

In this study, mice were pretreated with streptomycin for 48 h before infection to modify the murine intestinal flora thus allowing *S. typhimurium* to evoke inflammation in the small intestine. We conducted our analysis in the jejunum to monitor the intestinal infection. In addition, we chose mice at weaning because the mucosal immune system is still immature at this time and is more susceptible to infection. In our model, streptomycin-pretreated mice exhibited intestinal inflammation as indicated by histopathological lesions and developed typical clinical signs, suggesting that this model can be a functional instrument to test the efficacy of IgY to treat enteric salmonellosis caused by *S. typhimurium*.

The protection conferred by oral administration of IgY was confirmed 7 days after challenge. The survival rates for control mice, challenged-untreated mice, challenged mice treated with nonspecific, and specific IgY were 100, 40, 60 and 80% respectively, 7 days post-challenge. This is accordance with the findings of Yokoyama et al. [@bb0080], who found that IgY antibodies specific for outer membrane protein, lipopolysaccharide, or flagella can control salmonellosis when orally administrated to mice following a challenge with *S. typhimurium*. Further confirming the above finding, histopathological analysis showed microvillus damage and evidence of inflammation in the cross section of the jejunum in untreated challenged mice while treatment of infected mice with specific IgY alleviated gut damage and inflammation. This observation clearly indicates that IgY can provide effective protection against *S. typhimurium*-induced intestinal infection.

We also investigated the effects of IgY on the immune system during *S. typhimurium* infection in order to better understand the mechanisms through which IgY confers protection. Previous studies have shown that IgY is associated with the immune system in the newborn bovine [@bb0085] and fish [@bb0090] but its immuno-modulatory functions during infection have not been fully characterized. The present study found an important immuno-modulatory role for IgY on cytokine gene expression and the lymphocyte populations of GALT in mice challenged with *S. typhimurium*.

A number of microorganisms have developed the capacity to invade the cells of the host and evoke an inflammatory response. Previous reports have shown that T cells play an important role during infection of intracellular pathogens such as *S. typhimurium*, by activating the anti-microbial activity of macrophages via IFN-γ secretion [@bb0095]. The up-regulation of pro-inflammatory cytokines is important to curb the extent of the infection. However, an excessive pro-inflammatory response is also known to be detrimental to the host. So these pro-inflammatory responses are being controlled in order to maintain a balanced immune system.

In the present study, IgY was observed to be regulating these responses during infection. The challenged mice treated with specific IgY significantly reduced their pro-inflammatory responses. The expression of genes for the pro-inflammatory cytokines, especially IFN-γ and TNF-α, were lower in the challenged mice treated with specific IgY compared with untreated infected mice. These observations suggest an important role for IgY in down-regulating cytokine expression. In addition, the stimulation of mucosal GALT induced by *S. typhimurium* can drive the mucosal immune response toward a Th1 type (cellular immunity) response, characterized by the production of large amounts of IFN-γ by Th1 cells [@bb0100], [@bb0105].

It has been clearly shown that T cells play important roles in the control of *S. typhimurium* infection and that CD4, CD8 and TCRγδ T cells in particular are involved [@bb0115]. In this study, *S. typhimurium* induced significant mobilization of lymphocytes including CD3, CD4, CD8 and TCRγδ T cells in the epithelium and lamina propria reflecting an inflammatory process that can be prevented by specific IgY. This effect was consistently observed in the GALT populations of the epithelium and lamina propria indicating that these two mucosal compartments may be the targets of the regulatory effects of IgY.

There are studies which suggest that IL-10 is not involved in protection but rather reflects the severity of disease [@bb0120]. Low levels of IL-10 have been shown to increase the severity of Crohn\'s disease in patients compared with high levels of IL-10 [@bb0120]. Our results show that the anti-inflammatory cytokine IL-10 decreases during infection alone and showed an increase in the animals treated with specific IgY, suggesting that IL-10 levels increase during the phase of disease resolution in the presence of specific IgY. IL-10 expression was increased but regulatory T cells (mainly CD4^+^ CD25^+^ cells) which produce IL-10 were not changed in challenged mice treated with specific IgY. This might be explained by the fact that IL-10 can be produced by a variety of cells in addition to T cells [@bb0100].

Intestinal intra-epithelial lymphocytes play a critical role in the generation of a complex immuno-regulatory network during *S. typhimurium* infection and the ensuing host response [@bb0125]. The majority of intestinal intra-epithelial lymphocytes are CD8^+^ T lymphocytes [@bb0125]. Tγδ lymphocytes that lie in the mucosal and epithelial surfaces have been found to be associated with the repair of damage to epithelial cells during the protective immune response and form the first line of defense against pathogens [@bb0130], [@bb0135]. CD8^+^ T cells are effective in providing immunity against *S. typhimurium* [@bb0115].

In the present experiment, we found that *S. typhimurium* significantly increased the production of CD8^+^ T cells, particularly CD8^+^ TCRγδ T cells, which stimulated strong cellular immunity against *S. typhimurium* infection, reflecting an overstimulation of the immune system. This result is consistent with the observation that *S. typhimurium* promotes the expansion of intestinal intra-epithelial lymphocytes, particularly CD8^+^ TCRγδ T cells [@bb0125].

The increase in the number of CD8^+^ T cells and their activation were prevented by specific IgY, indicating that specific IgY could weaken the cellular immune activity possibly by recognizing and binding with *S. typhimurium* and alleviating an immune stress. In addition, the effects of *S. typhimurium* challenge on CD4^+^ T cells in the intestinal intra-epithelial lymphocytes were modest because the CD4^+^ T cells are a small subset in this mucosal compartment [@bb0140].

The lamina propria is one of the constituents of GALT involved in the effector phase of the intestinal immune response [@bb0145]. The present study observed that *S. typhimurium* infection stimulated the production of CD4^+^ and CD8^+^ T cells in this compartment, suggesting an overstimulation of the immune system. Specific IgY prevented the *S. typhimurium*-induced increase in this compartment and reduced the immune activation in the lamina propria.

Peyer\'s patches are the induction site of mucosal immune responses [@bb0145]. After oral infection and colonization of the small intestine, *S. typhimurium* penetrates the epithelial barrier by invasion of M cells in particular [@bb0150] or less efficiently, by transport via CD18/dendritic cells [@bb0155] and possibly by penetration of enterocytes [@bb0160]. After penetration of the epithelial barrier, *S. typhimurium* has been shown to colonize Peyer\'s patches. From there, bacteria move into the mesenteric lymph nodes and then spread via the efferent lymph to the circulatory system, leading to systemic infection.

Peyer\'s patches have often been used to evaluate the T lymphocyte associated responses as local lymphoid tissue in previous studies [@bb0060], [@bb0165]. In the present study, the *S. typhimurium*-induced increases in the percentage of CD8^+^ lymphocytes in Peyer\'s patches suggests that T cytotoxic lymphocytes are responsible for *S. typhimurium*-induced intestinal immune activation. Specific IgY attenuated the increase of CD8^+^ lymphocytes induced by *S. typhimurium* challenge.

The mechanism by which IgY inhibits lymphocyte proliferation is not known. For *Salmonella*, components expressed on the bacterial surface, such as lipopolysaccharide and outer membrane proteins are crucial virulent factors [@bb0115]. IgY was found to attenuate inflammatory responses via down regulation of T-lymphocyte function possibly by recognizing and binding with *S. typhimurium*. This binding may block surface structures on bacteria or neutralize toxic components such as lipopolysaccharide as well as preventing the adhesion of bacteria to the target surface (e.g. epithelial cells and M cells) of the host and penetration of bacteria into deeper tissue.

In addition, nonspecific IgY was effective to some extent at preventing the *S. typhimurium*-induced increase in proinflammatory cytokine TNF-α and T lymphocytes in the GALT. Several papers have reported that nonspecific IgY improved the phagocytosis of *E. coli* O111 [@bb0065] or *Staphylococcus aureus* [@bb0170]. So nonspecific IgY could weaken the cellular immune activity possibly by phagocytosis opsonization and alleviate an immune stress. However, this might be a good avenue for future research.

In this study, we focused on the effects of IgY on the intestinal mucosal immune responses during infection because the gut is the main site of IgY activity against intestinal pathogens [@bb0005] and the mucosal immune system [@bb0055]. The effects of IgY on the production of the cytokines and lymphocytes in the spleen (systemic tissue) and local lymphoid tissue (mesenteric lymph nodes) as well as the production of the cytokines in Peyer\'s patches have not been studied but would be a productive avenue of future research. The present results encourage us to continue evaluating the immuno-modulatory effects of IgY in detail.

In conclusion, we found that specific IgY effectively alleviates *S. typhimurium*-inflicted damage to the jejunum and plays an important role in limiting the consequences of intestinal inflammation induced by *S. typhimurium*. Our study highlights the interaction between IgY and the intestinal mucosal immune response during infection. Specific IgY positively modulates the intestinal mucosal immune response of organized and diffuse GALT, including reducing the lymphocyte populations in Peyer\'s patches, epithelium and lamina propria thus protecting these sites from possible excessive activation evoked by *S. typhimurium*. These effects were accompanied by an attenuation of the increase of the pro-inflammatory cytokines IFN-γ and TNF-α in the intestinal mucosa. Whether or not IgY functions in other tissues remains to be determined.
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[^1]: The submucosa widths were determined by quantitative microscopy and represent the averages of 30 evenly spaced radial measurements of the distance between the tunica muscularis and the lamina mucosalis mucosae.
